Phytohormones are pivotal in the regulation of plant growth and development, and acclimation to adverse environments. Multiple cytochrome P450 monooxygenases (CYP450s) are involved in the biosynthesis and catabolism of phytohormones. Here, we reported that a CYP450 member of CYP71 clan, OsCYP71D8L, participated in the control of multiple agronomic traits and abiotic stress responses by affecting gibberellin (GA) and cytokinin (CK) homeostasis in rice. We found that its gain-of-function mutant (cyp71d8l) and transgenic plants overexpressing OsCYP71D8L (OsCYP71D8L-OE) displayed similar phenotypes such as dwarfed plant, reduced panicle length and grain number per panicle. In OsCYP71D8L-OE seedlings, endogenous GAs and CKs was notably decreased and increased as compared with wild type (WT), respectively. Correspondingly, the dwarfed plant and less developed root of cyp71d8l and OsCYP71D8L-OE seedlings could be rescued by exogenous GA3, but more exacerbated by exogenous 6-BA. Importantly, cyp71d8l
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CYP71 clan. Phylogenetic analysis showed that OsCYP71D8L was more closely clustered with three rice proteins (OsCYP71D8, LOC4328535 and LOC4328533) than the homologs from the other monocot plants (Fig. 1B) . Moreover, five clustered proteins (OsCYP71D8L, OsCYP71D8, LOC4328533, LOC4328535 and OsCYP71D7) shared higher degree of identities. Particularly, OsCYP71D8L and OsCYP71D8 had 91.19% amino acid identity (Fig. S1 ). Of note, CYP71D8 was differentially expressed in two rice varieties under drought (Zhang et al., 2012) , but the function of neither OsCYP71D8L nor OsCYP71D8 is known.
OsCYP71D8L affects multiple agronomic traits in rice
For the possible functional characterization, we generated the transgenic plants overexpressing OsCYP71D8L (OsCYP71D8L-OE) driven by the CaMV 35S promoter.
We found that OsCYP71D8L-OE lines displayed a severe dwarf phenotype throughout the life cycle ( Fig.2A , Fig. S3A 
-C). The plant heights of
OsCYP71D8L-OE lines were about 62-66% that of WT (KOS) at the mature stage ( Fig.3A-B) . Moreover, the panicle length and grain number per panicle of OsCYP71D8L-OE lines were decreased to about 90% and 66% of KOS (Fig.2B ).
We confirmed a homozygous T-DNA insertion mutant of OsCYP71D8L (PFG_1C-03701.R, named cyp71d8l) by PCR test. Sequencing analysis indicated that the T-DNA was inserted in the 2 nd exon of OsCYP71D8L and caused the truncated protein with 30 amino acids deleted in the C-terminus ( Figure S2 A-C). cyp71d8l
showed no notable difference with HY in vegetative growth stage ( Fig.S3A-B ).
However, it began to exhibit dwarf phenotypes after flowering stage (Fig S3C) , and showed reduced plant height (80%) ( Fig 
OsCYP71D8L affects rice nodes number and internode length
In rice, the node number and internode length are the major determinants of plant height. We found that the dwarf phenotypes of OsCYP71D8L-OE and cyp71d8l were caused by reduced node numbers and internode length (Fig.3A) , OsCYP71D8L-OE and cyp71d8l plants developed only 5 nodes, while WT plants developed 6 nodes.
Moreover, the average internode length of OsCYP71D8L-OE and cyp71d8l was 6 significantly shorter than that of KOS and HY(P<0.01), respectively (Fig. 3B ). The decreased internode length could be caused by the cell proliferation or cell elongation.
Our microscopy analysis revealed that the parenchyma cells in the uppermost internode of OsCYP71D8L-OE at the mature stage was clearly shorter that of KOS (Fig 3C) , indicating that the reduced internode number and internode length account for the dwarf phenotypes of OsCYP71D8L-OE and cyp71d8l.
OsCYP71D8L affects gibberellins homeostasis
Since OsCYP71D8L-OE and cyp71d8l showed GA deficit phenotypes, we measured the contents of endogenous GAs in OsCYP71D8L-OE seedlings, finding that the levels of GA intermediates such as GA1 (bioactive GA), GA53 and GA19 (upstream precursors of GA1), GA9 (precursors of GA4), were significantly reduced in
OsCYP71D8L-OE seedlings, but the GA24 content was slightly increased in comparison with those in KOS. The levels of GA1, GA9, GA19 and GA53 in
OsCYP71D8L-OE plants were decreased to about 48%, 27.6%, 11.2% and 9.1% of the WT level, respectively ( Fig. 4A ), indicating that OsCYP71D8L participated in the deactivation of bioactive GAs in rice.
Then, we analyzed the growth of OsCYP71D8L-OE and cyp71d8l in response to GA3
treatment. Under normal condition, OsCYP71D8L-OE seedlings was shorter than KOS, and OsCYP71D8L-OE and cyp71d8l seedlings displayed shorter root system than that of WT. When treated with 0.1 and 1 µM GA3 for 6 days, the plant height of OsCYP71D8L-OE was rescued to that of KOS. Similarly, their root system was also restored to that of KOS and HY with GA3 application, respectively (Fig. 4B) . These results strongly suggest that OsCYP71D8L negatively affects GAs level and leads to the growth retardation in OsCYP71D8L-OE and cyp71d8l.
OsCYP71D8L affects cytokinin homeostasis and root sensitivity to 6-BA CK and GA antagonistically control meristem maintenance and organ development (De Smet et al., 2015; Pavlu et al., 2018; Shani et al., 2006) , and their levels are counter-balanced by the feedback regulation of GA biosynthesis in rice (Wu et al., 2016) . OsCKX4, encoding a cytokinin oxidase, is responsible for cytokinin degradation and plays a positive role in crown root formation (Gao et al., 2014) . We found that its expression was downregulated in OsCYP71D8L-OE and cyp71d8l seedlings (Fig 5A) , perhaps leading to cytokinin accumulation. Likewise, analysis of endogenous CKs levels including isopentenyladenine (IP), cis-zeatin (CZ) and 7 dihydrozeatin (DZ) showed that the IP content in OsCYP71D8L-OE seedlings was increased two folds of KOS (Fig 5B) , indicating that cytokinin activity was elevated in OsCYP71D8L-OE.
We then checked the effect of exogenous 6-Benzylaminopurine (6-BA, a synthetic CK) on the root growth in OsCYP71D8L-OE and cyp71d8l seedlings. Unlike the root growth promoted by GA, the less developed root system of OsCYP71D8L-OE and cyp71d8l was more exacerbated by 6-BA than WT. Their root elongation and crown root initiation were notably s uppressed with the treatment of 0.001, 0.1 and 1 µM 6-BA (Fig 5C) , indicating that the CK over-accumulation is responsible for the under-developed root systems in OsCYP71D8L-OE and cyp71d8l. Taken together, we
proposed that the abnormal GAs and CKs changes caused the dwarf phenotype and less developed root system in OsCYP71D8L-OE and cyp71d8l.
OsCYP71D8L positively regulates rice tolerance to drought and salinity stress
Rice growth and development was affected by adverse environment. Overexpression of PtCYP714A3, OsDSS1 and CYP94C2b could improve rice tolerance to drought and salt stress (Kurotani et al., 2015; Tamiru et al., 2015; Wang et al., 2016) . Here, we confirmed that OsCYP71D8L conferred rice with better tolerance to drought and salinity stress. When 3-week-old seedlings were exposed to drought for 8 days, WT plants exhibited severe stress symptoms with withering leaves, while
OsCYP71D8L-OE lines and cyp71d8l remained normal turgor, and showed mild stress symptoms at the 10 th day. After re-watering for 7 days, OsCYP71D8L-OE lines and cyp71d8l recovered better growth status, while almost all WT plants were dead, (Fig.6A) . Similarly, when 3-week-old seedlings treated with 1% NaCl for 7 days, KOS and HY exhibited more severe tissue damages with withering or dead leaves than OsCYP71D8L-OE and cyp71d8l. After recovery for 7 days, OsCYP71D8L-OE and cyp71d8l plants recovered fresh green leaves, while WT plants were dead or still withered (Fig.6B ).
OsCYP71D8L affects chlorophyll and ROS accumulation under stress
To elucidate the physiological characteristics underlaying enhanced tolerance to drought and salt stress, we investigated the contents of soluble sugar and chlorophyll in 3-week-old seedlings. Under normal condition, the levels of soluble sugar in
OsCYP71D8L-OEs and cyp71d8l were about 10% higher than that in KOS and HY, respectively (Fig.7A) . Similarly, the levels of chlorophyll a, chlorophyll b and total 8 chlorophyll in OsCYP71D8L-OEs and cyp71d8l were higher than that in WT under normal condition, respectively. Under drought and salt stress, the levels of total chlorophyll, chlorophyll a and chlorophyll b were decreased in all resulted materials, but remained at higher levels in OsCYP71D8L-OE lines and cyp71d8l than that in WT (Fig.7B) . These results suggested that higher accumulation of soluble sugars and chlorophylls in OsCYP71D8L-OE lines and cyp71d8 might contribute to their enhanced tolerance to drought and salt stress.
Exclusive ROS was harmful components seriously affecting plant growth and response to various stresses (del Rio, 2015) . In this study, we found that the content of H 2 O 2 in OsCYP71D8L-OE lines and cyp71d8l was low compared with that of WT under normal condition. Under drought and salt stress, the H 2 O 2 level in
OsCYP71D8L-OE lines and cyp71d8l was also significantly lower than that in WT ( Fig. 7C ), which were coincided with their enhanced tolerance to drought and high salinity.
Discussion
Plant height is an important trait determining rice architecture and yield, and controlled by a complex phytohormone signaling network. Based on the genetic analysis of dwarf mutants and corresponding genes, GA homeostasis and signaling paly crucial roles in the control of plant height and responses to various stresses in rice (Liu et al., 2018; Wang and Li, 2008) . CYP450s catalyze most of the rate-limiting reactions involved in the biosynthesis and catabolism of phytohormones, especially in GAs homeostasis (Hedden and Thomas, 2012; Renault et al., 2014) . Rice genome contains at least 356 P450 genes grouped into 10 different clans, and CYP71 clan is the largest set (Nelson and Werck-Reichhart, 2011; Nelson et al., 2004) . In sunflowers and sorghum bicolor, several CYP71 members participated in the synthesis of eupatolide, inunolide and sorgoleone (Frey et al., 2018; Pan et al., 2018) . In rice, eight CYP450 genes including three highly homologous proteins of CYP71 clan (OsCYP71D8L, OsCYP71D8 and OsCYP71D7) are clustered as a tandem array on chromosome 2, but their characters and functions have been little known. Here, we reported that OsCYP71D8L functioned as a key regulator involved in the regulation of rice growth and development as well as abiotic stress response by affecting the homeostasis of GA and CK. Moreover, the transgenic rice overexpressing
OsCYP71D8L and its C-terminal truncated mutant cyp71d8l exhibited similar 9 phenotypes including dwarf plant, short panicle, reduced grain number per panicle, and enhanced tolerance to drought and salt stress compared with WT, suggesting that cyp71d8l was gain-of-function mutant.
In rice, multiple CYP40s not belonging to the CYP71 clan were reported to regulate plant developmental processes and stress response by modulating GA homoeostasis (Itoh et al., 2004; Magome et al., 2013; Tamiru et al., 2015; Wang et al., 2012; Zhang et al., 2008; Zhu et al., 2006) . Here, we confirmed that overexpression of OsCYP71D8L caused the notably decreased accumulation of GA1, GA9, GA19 and GA53. Consistent with this, OsCYP71D8L-OE and cyp71d8l exhibited the dwarf phenotypes with reduced node and internode number, and exogenous GA3 could rescue their plant height, suggesting that OsCYP71D8L is involved in the control of plant height by affecting GA homeostasis in rice.
CKs and GAs antagonistically regulate plant shoot and root growth by mediating meristem activity and cell division (Azizi et al., 2015; Kyozuka, 2007; Pacifici et al., 2015) , and their homeostasis are counter-balanced by the feedback regulation of GA biosynthesis in rice (Wu et al., 2016) . Generally, GAs has positive effect on shoot and root elongation in rice. For examples, AP2/ERF transcription factor SHB controls root elongation through dose-dependent effects of GA on cell elongation and proliferation (Li et al.2015) . GDD1 mediates cell elongation by regulating GA biosynthesis, and gdd1 showed gibberellin-deficient phenotypes with reduced length of root, stems, spikes, and seeds (Li et al. 2011) . Similarly, OsMCA1 is involved in the deactivation of bioactive GA, and its mutation results in GA-deficient phenotypes with shorter root and reduced height (Liu et al. 2015) . In rice, cytokinin is essential for the control of entire life cycle including root development, shoot meristem activity, vegetative and reproductive branching, spikelets per panicle, and grain production (Ashikari et al., 2005; Du et al., 2017; Gao et al., 2014; Gu et al., 2015; Jiang et al., 2017; Kurakawa et al., 2007; Li et al., 2013; Ohashi et al., 2017; Panda et al., 2018; Wu et al., 2017; Wu et al., 2016; Zhao et al., 2015) . For examples, cytokinin receptor OsCKT1 is necessary for the regulation of root development, and Osckt1 exhibits insensitivity to cytokinin treatment with normal root growth (Ding et al., 2017 GA and CK are crucial in promoting cell division, cell growth and differentiation, and have large impact on yield-related traits in crops (Kyozuka, 2007; Nadolska-Orczyk et al., 2017) . Two green revolution genes, wheat Reduced height1 (Rht1) and rice semi-dwarf1 (sd1), are involved in GA signaling and biosynthesis, suggesting that manipulating GA level or signaling is a most effective approach for producing high-yield cultivars (Sakamoto, 2006) . In rice, moderately reduced GA levels by ectopic expressing GA2ox6 mutants caused moderate plant height, more tillers, and high grain yield, but excessively reduced GA levels resulted in over-dwarfing plants and yield by rebalancing activities of CKs and GAs in rice (Wu et al., 2016) . However, An-2, as a cytokinin synthesis enzyme, could increase endogenous cytokinin content, but decreased grain number per panicle and tiller number (Gu et al., 2015) . Thus, the suitable GAs and CKs homeostasis is essential for the regulation of various yield-related traits in rice. Our results confirmed that overexpression of OsCYP71D8L resulted in the significantly lowered GAs and moderately elevated CKs levels, which 1 1 thereby led to the reduced panicle length and grain number per panicle in
OsCYP71D8L-OE and cyp71d8l plants.
Phytohormones and their crosstalk play central roles in coordinating plant response to adverse environments. Recent data has shown that the reduction of GA synthesis and signaling is conducive to plant adaptation to abiotic stresses including drought, cold, salt and osmotic stress (Colebrook et al., 2014) . For examples, overexpressing
AtGAMT1 reduced the active GAs levels, but enhanced drought tolerance in tomato (Nir et al., 2014) . In rice, gid1 (a mutant of a GA receptor) exhibited enhanced submergence tolerance associated with less ROS accumulation and increased chlorophyll and carbohydrates (Du et al., 2015) . Ectopic expression of GA2ox6 mutants and PtCYP714A3 led to reduced GA levels and dwarfed plant, but conferred rice with enhanced tolerance to drought and salt stress (Lo et al., 2017; Wang et al., 2016 ). Unlike GAs, CKs positively regulates plant stress tolerance by enhancing photosynthesis and antioxidant capacities, improving water use efficiency, and modulating growth and development (Pavlu et al., 2018) . In rice, CKs could delay dark-induced senescence by maintaining the chlorophyll cycle and photosynthetic stability (Talla et al., 2016) . Overexpressing ISOPENTENYLTRANSFERASE could lead to high CKs levels and improve drought tolerance by coordinating source/sink relationships and nutrient metabolism in rice (Peleg et al., 2011; Reguera et al., 2013) .
Similarly, OsAHP1 and OsAHP2 function as positive regulators of the cytokinin signaling and are required for the regulation salt and drought tolerance in rice (Sun et al., 2014) . These findings show that GA and CK play antagonistic roles in plant response to abiotic stresses, and manipulating GA and CK levels is an effective strategy to improve stress tolerance in rice. Coincided with previous studies, overexpression of OsCYP71D8L caused low-GA and high-CK levels. These hormone changes might confer OsCYP71D8L-OE and cyp71d8l with improved tolerance to drought and salt stress by maintaining high levels of chlorophyll and soluble sugar, and low ROS accumulation.
The growth readjustment and adaptation to various stresses are key to the survival of 1 2 plants under adverse environments. Our study confirmed that OsCYP71D8L, as a potential GA-deactivating protein, might act as key regulator balancing the growth process and stress response by coordinating GA and CK homeostasis. These findings also provide important information for engineering stress-tolerant rice by modifying
OsCYP71D8L with genome editing technology or ectopic expressing OsCYP71D8L driven by stress inducible promoters.
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